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ABSTRACT
Using the FirstLight database of 300 zoom-in cosmological simulations we provide rest-
frame UV-optical spectral energy distributions of galaxies with complex star-formation
histories that are coupled to the non-uniform gas accretion history of galactic halos
during cosmic dawn. The population at any redshift is very diverse ranging from
starbursts to quiescent galaxies even at a fixed stellar mass. This drives a redshift-
dependent relation between UV luminosity and stellar mass with a large scatter, driven
by the specific star formation rate. The UV slope and the production efficiency of Ly-
man continuum photons have high values, consistent with dust-corrected observations.
This indicates young stellar populations with low metallicities. The FirstLight simula-
tions make predictions on the rest-frame UV-optical absolute magnitudes, colors and
optical emission lines of galaxies at z = 6 − 12 that will be observed for the first time
with JWST and the next generation of telescopes in the coming decade.
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1 INTRODUCTION
The period of cosmic dawn, the first billion years in the his-
tory of the Universe, is the final frontier for galaxy forma-
tion. Theory roughly predicts that the first galaxies form in
the first gravitationally bound structures at high redshifts,
z ≥ 12. They quickly start to ionize their surroundings,
driving the reionization of the Universe, which ends around
z ≥ 6. However, little is known about these primeval galax-
ies. One of their most important properties is their spectral
energy distribution (SED). It gives information about the
stellar populations and the surrounding gas in these primeval
galaxies.
Fitting SED templates to rest-frame UV-optical pho-
tometry is a common way to estimate the parameters of
high-z galaxies, such as stellar mass (M∗) and star formation
rate (SFR) (Sawicki & Yee 1998; Papovich et al. 2001; Shap-
ley et al. 2001; Giavalisco 2002; Stark et al. 2009; Salmon
et al. 2015). However, this modeling makes assumptions
about other properties of the stellar content of these galax-
ies. For example, stellar population models that include the
effects of binary evolution or stellar rotation provide a better
fit to the UV-optical spectra of high-z galaxies (Steidel et al.
2016). Simulations of galaxy formation are great tools to
? E-mail: ceverino@uni-heidelberg.de
test or constrain these assumptions. They have shown that
the inclusion of binary stars yields a harder UV spectrum
(Ma et al. 2016). Therefore, binary evolution has become an
important ingredient in the current modeling of the stellar
light at cosmic dawn (Ma et al. 2018; Rosdahl et al. 2018,
and references therein).
One of the key uncertainties in SED modelling is the
star formation history (SFH). Due to the lack of constraints,
a constant SFR is usually assumed (Salmon et al. 2015),
but there is no evidence that this is a good assumption.
Exponentially declining histories usually provide a worse fit
for these high-z galaxies (Salmon et al. 2015; Hashimoto
et al. 2018). On the other hand, many simulations suggest
smoothly increasing SFRs with time (Finlator et al. 2011;
Jiang et al. 2016), especially during cosmic dawn, when the
cosmic SFR density is increasing with time. Recent obser-
vations that also fit emission lines can better constrain the
instantaneous SFR and they need more complex SFH with
two different populations of different ages (Hashimoto et al.
2018). Most probably, the SFHs of galaxies at cosmic dawn
are not easily parametrized by simple functions, as they re-
flect the dynamical and violent times of very high gas accre-
tion rates into galaxies.
Cosmological simulations of galaxy formation can pro-
vide complex SFHs that are coupled with the non-uniform
gas accretion history of galactic halos. The FirstLight Sim-
© 2018 The Authors
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ulations (Ceverino et al. 2017, Paper I) have provided a di-
versity of non-monotonic SFHs, characterized by bursts of
star formation. Paper II (Ceverino et al. 2018) found that
galaxies at redshifts z = 5 − 15 spend 70% of their time in
these bursts with very high specific star formation rates (SS-
FRs). The typical burst at z = 6 has a duration of ∼100 Myr,
one tenth of the age of the Universe at that time. A quarter
of the bursts have significantly shorter times scales of 40-80
Myr, mostly driven by mergers. Therefore, it is important
to use complex and diverse SFH for the calculation of new
SED templates consistent with cosmological mass accretion
histories of galactic halos.
We aim to understand the physical processes shaping
the SEDs of galaxies at cosmic dawn. As a first step, this
paper uses the FirstLight simulations to make predictions
of the rest-frame UV-optical SEDs that will be observed for
the first time with the James Webb Space Telescope (JWST)
and the next generation of telescopes in the coming decade.
The outline of this paper is as follows. Section §2 presents the
FirstLight simulations. Section §3 describes the SED mod-
eling. The results section (§4) includes properties of the UV
spectra, such as UV magnitude (§4.1), slope and production
efficiency of ionizing photons (§4.2), the equivalent width of
optical emission lines, such as Hα (§4.3), the absolute mag-
nitude in the V-band (§4.4), color-magnitude and color-color
relations (§4.5), and BPT diagrams (§4.6). Finally, section
§5 ends the paper with the summary and discussion.
2 SIMULATIONS
This paper uses a complete mass-selected subsample of
galaxies simulated in the FirstLight project described fully
in Paper I. The subsample consists of 290 halos with a max-
imum circular velocity (Vmax) between 50 and 250 km s−1,
selected at z = 5. The halos cover a mass range between a
few times 109 and a few times 1011 M. This range excludes
more massive and rare halos with number densities lower
than ∼ 3 × 10−4(h−1Mpc)−3, as well as small halos in which
galaxy formation is extremely inefficient.
The target halos are initially selected using low-
resolution N-body only simulations of two cosmological
boxes with sizes 10 and 20 h−1Mpc, assuming WMAP5 cos-
mology with Ωm = 0.27, Ωb = 0.045, h = 0.7, σ8 = 0.82 (Ko-
matsu et al. 2009). We select all distinct halos with Vmax
at z = 5 greater than a specified threshold, log Vcut = 1.7 in
the 10 h−1Mpc box and log Vcut = 2.0 in the 20 h−1Mpc box.
Initial conditions for the selected halos with much higher
resolution are then generated using a standard zoom-in tech-
nique (Klypin et al. 2011). The DM particle mass resolution
is mDM = 104 M. The minimum mass of star particles is
100 M. The maximum spatial resolution is always between
8.7 and 17 proper pc (a comoving resolution of 109 pc after
z = 11).
The simulations are performed with the ART code
(Kravtsov et al. 1997; Kravtsov 2003; Ceverino & Klypin
2009; Ceverino et al. 2014), which accurately follows the
evolution of a gravitating N-body system and the Eulerian
gas dynamics using an adaptive mesh refinement (AMR)
approach. Besides gravity and hydrodynamics, the code
incorporates many of the astrophysical processes relevant
for galaxy formation. These processes, representing subgrid
physics, include gas cooling due to atomic hydrogen and
helium, metal and molecular hydrogen cooling, photoioniza-
tion heating by a constant cosmological UV background with
partial self-shielding, star formation and feedback (ther-
mal+kinetic+radiative), as described in paper I. The simu-
lations track metals released from SNe-Ia and from SNe-II,
using supernovae yields that approximate the results from
Woosley & Weaver (1995). These values are given for gas
cells and star particles as described in Kravtsov (2003).
3 SED MODELING
In this paper we focus on the intrinsic SEDs coming from the
stellar populations and their surrounding, unresolved HII
regions. They provide templates that could be used for a
better understanding of the underlying stellar and gas prop-
erties in galaxies at cosmic dawn. Therefore, we ignore dust
attenuation or any other radiative transfer effect from in-
tervening gas. These effects will be consider in future works.
Estimations of the dust extinction in other cosmological sim-
ulations (Ma et al. 2018) indicate a significant extinction of
∼1 magnitude at 1500 A˚ for M1500 ' −21. This corresponds
to the brightest galaxies in the FirstLight sample. In most of
the snapshots, the effect of dust extinction is much smaller,
less than half a magnitude for M1500 ≥ −19, due to the low
metallicity in these galaxies.
We compute the SEDs of the simulated galaxies using
publicly available tables from the Binary Population and
Spectral Synthesis (BPASS) model (Eldridge et al. 2017) in-
cluding nebular emission (Xiao et al. 2018). We only include
the effects of binary stars at post-processing, as in other
works (Ma et al. 2018). Our model of energy feedback and
metal enrichment assumes single-star evolutionary tracks.
3.1 BPASS
The stellar spectrum from 1 A˚ to 100000 A˚ coming from
each star particle uses the templates of single stellar popu-
lations (SSP) of BPASS v2.1 assuming a Kroupa-like IMF
with power slopes α1 = −1.3 for star masses m = 0.1−0.5 M
and α2 = −2.35 for star masses m = 0.5 − 100 M. We use
a grid of 13 values of metallicity, from Z = 10−5 to 0.04
(Z = 0.02), and 40 logarithmic bins in SSP ages, between
1 Myr and 100 Gyr.
The nebular emission from the same particles uses 20
bins in SSP ages, from 1 Myr to 100 Myr and the same range
of metallicities. As described in Xiao et al. (2018), the ion-
ization parameter is measured at the Stro¨mgren radius and
it ranges from U = −3.5 to -1.5. We assume a constant neb-
ular density of nH = 102 cm−3, because the simulations do
not resolve the nebular regions around young stars where
most of the nebular light is emitted. Denser HII regions,
nH = 103 cm−3, give similar results for the SSP metallicities
considered in this paper (Xiao et al. 2018). The Stro¨mgren
radius for each star particle is calculated using the nebular
density and the properties of the stellar population. This
publicly available grid of Cloudy models gives the luminos-
ity of the most prominent emission lines in the optical and
UV. We also include nebular continuum from hydrogen free-
bound and free-free radiation (Osterbrock & Ferland 2006).
MNRAS 000, 1–10 (2018)
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3.2 Stellar and nebular metallicities
We compute galactic SEDs combining all individual SEDs
coming from all star particles within each galaxy. We assume
different metallicity indicators for stars and nebular regions,
because we cannot assume a solar relative abundance pat-
tern during cosmic dawn. Observations of stellar and nebular
spectra of high-redshift galaxies (Steidel et al. 2016) suggest
that only models that use low iron abundances and relatively
high oxygen abundances match all observational constraints.
This is motivated from the fact that iron controls the UV
stellar opacity and the binary evolution while oxygen and
other α elements dominate the metal content and cooling
of the surrounding nebular gas (Rix et al. 2004). Therefore
the stellar metallicity controls the stellar SED and is traced
by iron abundances and the nebular metallicity follows the
oxygen mass ratio.
We compute the iron abundances from the supernovae
yields (SNII and SNIa) assuming: 1) iron accounts for half of
the metals produced in SNIa explosions (Thielemann et al.
1986), 2) the fraction of iron from the total amount of metals
produced in SNII ranges between 2.6% and 3.3%, for metal
mass ratios between 0 and solar (Nomoto et al. 2006), 3) the
solar value of the iron mass ratio is 1.23 × 10−3 (Grevesse &
Sauval 1998).
For nebular metallicities, we assume that the unresolved
nebular region around each star particle shares the same
mass ratio of metals produced in SNII explosions as in the
star particle.
3.3 Examples of galactic SEDs at z=6
We compute the SEDs for all FirstLight snapshots at every
∼10 Myr from z = 15 to z = 5, although the time resolution
in the simulations is much shorter, ∼1000 yr. In this paper
we focus on the rest-frame UV-optical range from 100 A˚
to 1 µm. The luminosity at each wavelength is normalized
to the absolute magnitude at 1500 A˚, assuming a standard
conversion to AB magnitude (Bouwens et al. 2008):
M1500 − M = M1500 + 21.91 + 2.5 log
(
Lν
2.5 × 1029erg s−1Hz−1
)
(1)
We consider six commonly used photometric rest-frame
bands (Table 1). They are top-hat filters centered at λ0 with
a ∆λ bandwidth (Binney & Merrifield 1998). They are not
chosen to represent a particular set of filters, as we are not
comparing with specific observations at this stage. They just
cover all relevant regions of the rest-frame UV-optical spec-
trum and they will guide our discussion about the general
shapes of the SEDs at cosmic dawn.
Figure 1 shows two examples which represent the same
galaxy with a stellar mass of M∗ ' 108 M at z ' 6, at
two different phases of evolution. The top panel depicts the
galaxy at the peak of a burst of star formation. The star-
burst brings the galaxy a factor 6 times above the star form-
ing main sequence at that redshift (SSFR= 30 Gyr−1). Its
luminosity at 1500 A˚ is correspondingly high, M1500 ' −19.
The nebular emission dominates the SED at all wavelengths.
Lines, such as Lyα, Hα, OIII or SiIII, are particularly promi-
nent. For example, the equivalent width (EW) of Hα+NII
exceeds 1000 A˚. OIII+Hβ is the next prominent feature with
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Figure 1. SEDs of the same galaxy at the peak of a star for-
mation burst at z ' 6 (top) and during the subsequent quiescent
phase 200 Myr later (bottom). Cyan lines represent stellar light
and black lines include nebular emission (lines+continuum). Red
circles with bars represent the six photometric bands described
in Table 1. The monochromatic luminosity at each wavelength in
erg/s/Hz is normalized to the absolute magnitude at 1500 A˚ (top
label).
Table 1. Photometric bands used in this paper
Band λ0 (A˚) ∆λ (A˚)
M1500 1500 300
M U 3400 600
M B 4450 1180
M V 5500 880
M R 6580 1400
M I 8060 1500
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EW ' 700A˚. These lines contaminate the continuum in the
B and R bands. The nebular continuum is also particularly
important in the U band and it is able to completely re-
move the mass-sensitive Balmer break at 4000A˚. The stellar
continuum is also very steep, consistent with a young stel-
lar population with extremely blue colors, V − I = −0.2 and
U − V = −0.4. These are the typical features of an extreme
emission-line galaxy at cosmic dawn.
The SED of the same galaxy 200 Myr after the starburst
looks very different (bottom panel of Figure 1). The star-
burst and the subsequent feedback have quenched star for-
mation significantly (SSFR= 0.02 Gyr−1), placing the galaxy
well below the star-forming main sequence (Paper II). The
SED confirms this quiescent nature. The luminosity at 1500
A˚ is very low, M1500 ' −16, for that stellar mass. There is
no significant nebular emission. Instead, there is a strong
Balmer break, typical of a mature population. The colors
are significantly redder, V − I = 0.2 and U − V = 0.8, al-
though the galaxy would not be classified as ”red and dead”
according to low redshifts color cuts (Williams et al. 2009).
These thresholds may miss a significant fraction of low-mass
quenched galaxies (Belli et al. 2018). Therefore, caution is
recommended when using low-z classifications for galaxies
at cosmic dawn.
4 RESULTS
As shown in previous sections, the FirstLight sample cov-
ers a large and diverse range of galaxies at cosmic dawn. It
contains both star-forming and quenched galaxies with very
different SED properties.
4.1 Evolution of the M∗-M1500 relation
The scaling relation between the luminosity at 1500 A˚ and
the galaxy stellar mass is well-established at high redshifts
(Stark et al. 2013; Song et al. 2016). It follows the general
trend that more massive galaxies are also brighter in the
UV. However, there are deviations and the scatter depends
on other galaxy properties like the SSFR. Using the large
set of simulated galaxies in the FirstLight database, we can
study in detail the typical scatter and the evolution of this
relation with redshift.
The top panel of Figure 2 shows the relation at z ' 6,
extending from M1500 = −22 to -10. Most of the sample
(M1500 ≤ −16) will be observed by ultradeep observations
with JWST, assuming a limiting magnitude of mlim = 31
and a uniform K-correction of -2 magnitudes. See O’Shea
et al. (2015) for more details. This gives us an idea of the
observability of the FirstLight galaxies. An extended analy-
sis of mock JWST fields will be described in future papers.
FirstLight is able to reproduce the observed mean and
scatter (Song et al. 2016), although these observations use
a narrower filter with ∆λ = 100 A˚ centered at 1500 A˚. As
shown in Figure 1, this has a minor effect in the estimation
of M1500 even for very steep UV spectra.
In Paper I, we estimate the UV magnitude using its cor-
relation with SFR (Madau et al. 1998). The relation found
using the first 15 FirstLight tests agrees well with the av-
erage relation using the full sample. Now, we can study the
scatter around this average and its dependencies in more
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Figure 2. Stellar mass versus M1500, coloured by SSFR at z=6, 8,
and 12. The simulated sample is consistent with current observa-
tions (Song et al. 2016) and with Paper I. Galaxies are gradually
brighter at higher z for a fixed mass. A vertical line marks the
limit of a ultra-deep JWST field with a limiting magnitude of
mlim = 31.
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Figure 3. UV slope (β) and production efficiency of Lyman con-
tinuum photons (ζ) versus M1500. Galaxies fainter than -20 have
UV slopes consistent with observations (Bouwens et al. 2014).
Observations of brighter galaxies need to be corrected for dust
attenuation. ζ values are consistent with observations (Bouwens
et al. 2016a), with the exception of the faintest bin.
detail. At a fixed UV magnitude, the stellar mass may vary
by up to an order of magnitude. This scatter does not de-
pend significantly on the virial mass (Appendix). It is mostly
depends on the SSFR, due to the bursty SF history dis-
cussed in Paper II. The scatter in the star forming main
sequence sets the scatter in the M∗ − M1500 relation. Galax-
ies experience frequent starbursts, every 100 Myr on average
at z ' 6. These starbursts with higher-than-average SSFR
are brighter in the UV than other quiescent galaxies with
lower SSFR but with a similar mass, as shown in Figure 1.
We have seen that the UV magnitude depends on the
SSFR at a fixed stellar mass. At redshifts higher than 6, the
SSFR is typically higher due to higher gas accretion rates
(Paper II). Therefore, galaxies of the same mass are brighter
in the UV at higher redshifts (Figure 2). We see that trend
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Figure 4. Evolution of the UV slope (red) and the efficiency
(blue). The UV spectrum becomes harder at higher redshifts due
to lower metallicities and younger populations.
up to z = 12, when galaxies are up to 2 magnitudes brighter
than at z = 6. This has important implications for the ob-
servability of these extreme star-forming galaxies at these
high redshifts. Due to this increase in absolute luminosity,
they may be brighter and easier to detect than their coun-
terparts at lower redshifts. Future studies will explore the
detectability of galaxies at z ≥ 10 in more detail.
4.2 Evolution of the UV spectrum
The evolution of the UV spectrum of the first galaxies is
very relevant for modelling reionization. Not only the nor-
malization but also the shape of the spectrum near the Ly-
man continuum (LyC) limit gives clues about the galactic
sources of reionization. Therefore we define the UV slope β
as
Lλ ∝ λβ, (2)
where Lλ is the monochromatic luminosity in erg/s/A˚. The
slope is computed between 1700 and 2200 A˚ (Bouwens et al.
2016b, and references therein). Another important property
is the production efficiency of LyC photons per unit UV
luminosity at 1500 A˚,
ζ = log
(
NLyC/L1500
)
, (3)
where NLyC is the number of LyC photons per second.
Figure 3 shows β and ζ versus M1500 (or mass) at z = 6.
For a wide range of luminosities (−22 ≤ M1500 ≤ −14), most
of the FirstLight galaxies show a relatively narrow range of
values: −2.5 ≤ β ≤ −2.2 and 25 ≤ ζ ≤ 25.5. In general, these
values show a steep UV slope with a high production of
LyC photons. This is the combined effect of low metallicities,
young stellar populations and binarity (Ma et al. 2015).
The UV slope is consistent with Bouwens et al. (2014)
observations for M1500 > −20. For brighter galaxies, the ob-
served relation clearly deviates from the above values, reach-
ing β ' −1.8 at M1500 ' −22. This deviation can be easily
MNRAS 000, 1–10 (2018)
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Figure 5. Equivalent width of the combined Hα+NII lines versus
stellar mass, coloured by SSFR. High EW are common at z = 6
in star-forming galaxies.
explained by the effect of dust extinction on the UV spec-
tra. Dust starts to be relevant in massive galaxies with high
dust column densities. Future analysis using radiative trans-
fer tools will clarify this issue. In the meanwhile, our values
should be compared with extinction-corrected observations.
The production efficiency of LyC photons (ζ) is
also consistent with extinction-corrected observations for
M1500 < −20 (Bouwens et al. 2016a). The mean efficiency
slightly increases at lower luminosities to ζ = 25.5 due to
lower metallicities in fainter galaxies. However, observations
show much higher values of ζ = 25.75. These observations
of the faintest bin can be biased toward extreme cases with
higher-than-average values. Future observations of a repre-
sentative sample of faint galaxies will clarify possible ten-
sions with theory.
A sample of FirstLight galaxies outside this main se-
quence is observed at lower luminosities, M1500 > −16, and
low masses. They have much lower values of β and ζ , in-
dicating a more quiescent stellar, post-starburst population
with lower than average SSFR (Paper II).
The mean value of |β | and ζ slowly increases with red-
shift (Figure 4). This trend is expected as the stellar popu-
lation has lower metallicities at higher redshifts. In addition,
the time-scales of the starbursts are much shorter (Paper II)
and therefore the stellar population that dominates the UV
is younger, yielding a harder UV spectrum.
4.3 The equivalent width of optical lines
Among all the optical lines, Hα (6563 A˚) is the most promi-
nent one. It could be combined with the NII doublet (6548
A˚ and 6584 A˚) and used as a SFR indicator for galaxies at
cosmic dawn. The equivalent width of the combined lines
Hα+NII are computed from the SEDs, using the line lumi-
nosity and the stellar+nebular continuum at both sides of
the lines considered. High EW (300-3000 A˚) in Hα+NII are
very common at z = 6 (Figure 5). The relative strength of
the lines correlates well with the SSFR as expected.
The EW-M∗ relation resembles the SSFR-M∗ relation
discussed in detailed in Paper II. There is a main sequence
of star forming galaxies and another population of galax-
ies with much lower EW= 10 − 200A˚, well bellow the star-
forming sequence. They increase the scatter at low masses,
M∗ ≤ 107 M. As in previous figures, this is the population
of more quiescent galaxies with lower-than-average SSFR.
The main sequence has a tilt at high masses (M∗ >
108 M). The median equivalent width decreases from EW '
900A˚ for M∗ ' 107 M to EW ' 400A˚ for M∗ ' 109 M. This
tilt may be related to the shorter duration of bursts in low-
mass galaxies (Paper II). This leads to younger populations
on average and higher EW. Lower metallicites may also be
another factor that yields more ionizing photons (higher ζ),
and higher EW.
This picture does not significantly change with redshift
(Appendix), although the mean SSFR increases (Paper II).
The EW slightly increases with redshift but this evolution
is very mild because both continuum and line strength are
higher with increasing SSFR.
4.4 Stellar mass versus absolute magnitude in the
V-band
In section §4.1 we discuss the M∗-M1500 relation. A simi-
lar relation exists in the optical part of the SED between
the stellar mass and the absolute magnitude in the V band
(M V). Figure 6 shows the relation at z=6. It can be de-
scribed by(
M∗
106 M
)
= 10α∗(M V−M∗), (4)
where α∗ = −0.356 ± 0.001, and M∗ = −12.00 ± 0.01. As ex-
pected, the scatter in M V is smaller than in M1500 but it
is still relevant and increases for fainter galaxies. The de-
viation from the main sequence correlates well with the B-
V color, such that bluer galaxies have upto 0.5 dex lower
masses for the same V magnitude. The B-V color strongly
depends on the SSFR due to the contamination in the blue
band by emission lines (Hβ+OIII, see §4.5) and therefore
the rest-frame optical photometry not only depends on the
galaxy mass, but also on the SFR. The evolution of this re-
lation with redshift is very similar to the evolution of the
M∗ − M1500 relation (See Appendix).
4.5 Colors
Near-UV to optical colors (U-V) are commonly used to char-
acterize low-z galaxies. JWST will allow us to make similar
color-magnitude diagrams for primeval galaxies. The rest-
frame U-V shows a wide diversity of SEDs at z = 6 (Fig-
ure 7). Colors vary by more than 1 magnitude and correlate
strongly with the EW of the combined Hβ+OIII lines or
with the SSFR. The reddest color, U-V '0.5, corresponds to
the faintest galaxies (M V ' −12) with the lowest EW. This
is the population of low-mass, quiescent galaxies discussed
above and in Paper II. Brighter galaxies, M V ' −16, with
stellar masses of a few times 107 M, show the strongest
scatter in color. This is the consequence of the wide diver-
sity of SSFR histories, from almost quiescent galaxies with
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Figure 6. Stellar mass versus absolute magnitude in the rest-
frame V band, coloured by the B-V color. The scatter depends
on the B-V color, which correlates with the SSFR.
EW ' 100 A˚ to starbursts with EW ' 1000 A˚. The bright-
est galaxies, M V ≤ −20, show a smaller scatter in colors
(or EW), due to a more continuous and less bursty SSFR
histories. However, these are dust-free colors and dust at-
tenuation may be important for these bright galaxies.
The U-B color (bottom panel of Figure 7) shows a nar-
row range of values (up to 0.5 magnitude). This is due to
the contamination by emission lines, particularly Hβ+OIII,
discussed above. These lines increase the luminosity in the
B band and complicate the interpretation of the U-B col-
ors. The contamination of the B band is more evident in the
correlation between B-V and EW (Figure 8). The R-band
is also contaminated by Hα+NII in this case and its colors
show a similar behaviour. Therefore, the B-V and V-R col-
ors can be used as good estimators of the EW of nebular
emission lines if there is no spectrum available.
As a cautionary note, the contribution of the emission
line to the total flux in a given filter is sensitive to the width
of the filter and the shape and relative position of the line
within the band. This may introduce a dependency on red-
shift as the line approaches the edge of the filter. In practice,
for filters with a relatively flat transmission window, strong
and broad emission lines may produce a significant redshift
effect only when the lines are shifted close to the edge of the
filter.
The V-I color (Figure 9) gives more information about
the slope of the galaxy continuum. FirstLight predicts a flat
continuum for relatively bright galaxies, M I ≤ −18. For
fainter galaxies, we see a trend of bluer V-I colors. This does
not correlate with EW. It depends on the evolution of rel-
atively older stellar populations (∼100 Myr). The examples
in Figure 1 show this trend.
Finally, Figure 10 shows the U-V versus V-I diagram.
This allow us to compare with commonly used UVJ dia-
grams, assuming a small I-J color. FirstLight galaxies at z =
6 populate the bluest part of the blue cloud of star-forming
galaxies. The most massive galaxies (M∗ = 1−2×109 M) are
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Figure 7. Color-magnitude plots coloured by the equivalent
width of the combined Hβ+OIII lines. U-V colors show a large
diversity of SEDs, from starbursts to almost quiescent galaxies.
U-B is contaminated by emission lines.
consistent with observed galaxies at lower redshifts (Fang
et al. 2018), having V-I ' 0 and U-V ' 0.5. Lower mass
galaxies follow the observed trend towards bluer V-I colors
with an increasing U-V scatter. As mentioned above, this
scatter correlates well with the EW and SSFR. JWST will
be required to observe these regions of the blue cloud.
4.6 BPT Diagrams
The nebular emission lines give some clues about the prop-
erties of the HII regions in galaxies using line luminosity
ratios like OIII(5007 A˚)/Hβ and NII(6584 A˚)/Hα. In Fig-
ure 11 we make predictions of BPT diagrams (Baldwin et al.
1981). The FirstLight galaxies form a clear sequence at z = 6.
The most massive galaxies, M∗ ' 1 − 2 × 109 M occupy
the tip of the sequence. They are consistent with local, low-
MNRAS 000, 1–10 (2018)
8 Ceverino et al.
−22 −20 −18 −16 −14 −12 −10
rest-frame M_V
−1.0
−0.8
−0.6
−0.4
−0.2
0.0
re
 t
-f
ra
m
e
 B
 -
 V
FL, z=6
150
300
450
600
750
900
E
W
 H
β
+
O
II
I
Figure 8. B-V color-magnitude plot coloured by the equivalent
width of the combined Hβ+OIII lines. Due to the line contami-
nation, this color correlates strongly with EW and SSFR.
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Figure 9. V-I color-magnitude plot coloured by the equivalent
width of the combined Hβ+OIII lines. This trend depends on the
evolution of relatively old stellar populations (∼100 Myr).
metallicity dwarfs of similar mass (Kauffmann et al. 2003).
High OIII values (OIII/Hβ ' 0.5 dex for NII/Hα ' −1.5
dex) are similar to the line ratios of typical HII regions in
low-metallicity dwarf galaxies at z = 0 (van Zee & Haynes
2006). These regions have relatively high luminosities in OIII
with respect to Hβ. Therefore, strong OIII-emitters at low-z
could be good analogs of galaxies responsible for reionization
(Fletcher et al. 2018), although none of our galaxies reaches
the highest values of OIII/Hβ ' 1 dex found in some of
these analogs. This is mostly due to the low-metallicity of
the primeval galaxies.
Low-mass galaxies have low luminosity ratios, reaching
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Figure 10. UVI color-color plot. FirstLight galaxies populate the
tip of the blue cloud of star-forming galaxies (Fang et al. 2018).
extremely low values of OIII/Hβ ' −0.5 dex and NII/Hα '
−2.75 dex for M∗ ' 106 M. This is mostly driven by the
low nebular metallicities of these low-mass galaxies (middle
panel of Figure 11), which reach log(Zg/Z) = −2.
The predicted relation is probably too tight due to our
assumption of a constant nebular density. The ionization pa-
rameter of the galaxies along that sequence has a narrow set
of values: -2.2 < U < -2.7 (bottom panel of Figure 11). For
lower values, we see a significant deviation from the main
sequence, giving lower OIII/Hβ ratios and higher NII/Hα
values. This happens for a small fraction of quiescent galax-
ies.
5 CONCLUSIONS AND DISCUSSION
We have used the FirstLight database of zoom-in cosmo-
logical simulations (paper I) to study the spectral energy
distributions (SEDs) of ∼300 distinct galaxies with a stellar
mass between M∗ = 106 and 3 × 109M during cosmic dawn
(z = 6−12). The main results can be summarized as follows:
• There is a large diversity of SEDs, from starbursts to
quiescence, even at a fixed stellar mass.
• This drives a large scatter in the scaling relation be-
tween the luminosity at 1500 A˚ and stellar mass. At a fixed
stellar mass, the UV magnitude may vary by up to 1 or-
der of magnitude, driven by variations in the specific star
formation rate.
• This scaling relation evolves with redshift. Galaxies of
the same mass are up to 2 magnitudes brighter at z = 12
than at z = 6.
• The absolute value of the UV slope and the production
efficiency of Lyman continuum photons are high, consistent
with dust-corrected observations.
• The equivalent width of optical nebular lines, like
Hα+NII are typically high, of the order of 1000 A˚, in SF
galaxies at high-z.
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Figure 11. BPT diagrams at z = 6 coloured by stellar mass
(top), mean gas metallicity (middle) and mean ionization param-
eter (bottom). Massive galaxies are consistent with local dwarfs
galaxies of similar mass (red region, Kauffmann et al. 2003; green
squares, van Zee & Haynes 2006) Nebular metallicities drive low
metal ratios.
• U-V color-magnitude relations show a 1 magnitude
scatter in color due to the diversity of galaxies and it corre-
lates strongly with SSFR and EW of nebular lines.
• Color-color diagrams show that galaxies at z = 6 popu-
late the bluest end of the blue cloud of star-forming galaxies.
• BPT diagrams show high OIII/Hβ ratios for the bright-
est galaxies with stellar masses of ∼ 109M. However, the
lower metallicity of fainter galaxies drives the population
towards low metal-line ratios.
One of the caveats in the present analysis is the omis-
sion of radiative transfer effects from the intervening gas. We
found that dust attenuation may be relevant for the most
massive galaxies in the FirstLight sample (M∗ ≥ 109 M).
The low metallicities of smaller galaxies mitigate this issue.
Future radiative transfer calculations in a post-processing
step will clarify the importance of this effect. In addition,
the effect of radiation leakage from the galactic HII regions
has also not been included in the analysis and in the simu-
lations. The addition of a radiative transfer module into the
simulations will address this effect in future simulations.
The calculation of the SEDs of this paper relays on
the BPASS spectral synthesis code. It includes binary stars
which generally lead to better correspondence between syn-
thetic and observed spectra (Ma et al. 2016; Rosdahl et al.
2018). However, this is an evolving field and BPASS has its
own limitations. For example, it does not include rotating
stars. This has been shown to have an effect comparable to
the inclusion of binarity (Byler et al. 2017). Future analysis
with more sophisticated spectral synthesis codes will address
possible systematics.
The FirstLight database is publicly available at this
website1. It includes all galaxy properties described in Pa-
per II along with the SEDs used in this paper. It provides
a useful set of templates with complex star formation his-
tories consistent with cosmological gas accretion into galax-
ies. These templates will be the building blocks for future
mock ultradeep fields that will be compared with observa-
tions coming from JWST and the next generation of tele-
scopes in the incoming decade.
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APPENDIX A: RELATIONS AT REDSHIFTS
Z ≥ 6
In this appendix, we show some of the relations discussed in
this paper at higher redshifts, z = 8 and 12. Figure A1 shows
the evolution of the scaling relation between the luminosity
at 1500 A˚ and the galaxy stellar mass similar to Figure 2
but now coloured by the virial mass. The scatter at a fixed
luminosity is not driven by differences in halo masses.
Figure A2 illustrates the lack of evolution of the equiv-
alent width of the combined Hα+NII lines (Figure 5). Fig-
ure A3 shows the evolution of the scaling relation between
the luminosity in the V band and the stellar mass of the
galaxy. It is similar to the evolution of the M∗-M1500 rela-
tion shown in Figure 2. Figure A4 and Figure A5 show the
BPT diagrams (Figure 11) for z = 8 and z = 12. There is no
clear evolution.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
MNRAS 000, 1–10 (2018)
FL III 11
−22 −20 −18 −16 −14 −12 −10
M1500
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
lo
g
(M
∗/
M
⊙)
Song16
z=6, Paper I
FL, z=6
9.4
9.6
9.8
10.0
10.2
10.4
10.6
10.8
11.0
lo
g
(M
v
/M
⊙)
−22 −20 −18 −16 −14 −12 −10
M1500
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
lo
g
(M
∗/
M
⊙)
z=6, Paper I
FL, z=8
9.2
9.4
9.6
9.8
10.0
10.2
10.4
10.6
10.8
lo
g
(M
v
/M
⊙)
−22 −20 −18 −16 −14 −12 −10
M1500
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
lo
g
(M
∗/
M
⊙)
z=6, Paper I
FL, z=12
9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9
lo
g
(M
v
/M
⊙)
Figure A1. Stellar mass versus M1500, coloured by virial mass
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Figure A2. Equivalent width of the combined Hα+NII lines ver-
sus stellar mass, coloured by SSFR at z = 8 and 12.
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Figure A3. Stellar mass versus absolute magnitude in the rest-
frame V band, coloured by the B-V color at z = 8 and 12.
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Figure A4. BPT diagrams at z = 8 and 12 coloured by the mean
gas metallicity (Zg)
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Figure A5. BPT diagrams at z = 8 and 12 coloured by the mean
ionization parameter (U).
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